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[1] We have used the polar cap (PC) index, which is a measure of magnetic disturbance caused by the transpolar portion of ionospheric currents associated with global convection, to investigate the effect of sudden changes in the solar wind dynamic pressure (P SW ). We find that during a period of steady interplanetary magnetic field (IMF), the PC index shows an enhancement that is a direct response to an enhancement in P SW . Examination of the response associated with the passage of interplanetary clouds accompanied by magnetic storms shows that a P SW pulse can cause changes in the PC index that are as large as the effects due to the changes in the interplanetary electric field. Responses of the PC index, AE index, and low-latitude horizontal component of magnetic field are observed to be similar, though during a magnetic storm, the influence of a significant ring current can distort the dayside low-latitude response. Sudden increases in P SW lead to an initial negative spike in the PC index that is followed by the main increase. Sudden decreases in P SW are found to have the opposite effect: an initial positive spike that is followed by a decrease in the PC index. The spike of $3 min duration is found to initiate simultaneously with the sudden impulse or commencement and an AE spike on the ground and the same time that geosynchronous particle fluxes start to increase sharply in response to magnetic field compression. It likely reflects a temporal response of convection to an abrupt change in PSW that is initially of the opposite sign to the more prolonged response, and it may be associated with short time scale current vortices that have been observed in the ionosphere near noon. The above results show that both P SW and IMF play a significant role in controlling the strength of magnetospheric convection.
Introduction
[2] It is well known that the strength of magnetospheric convection depends strongly on the interplanetary magnetic field (IMF). The effects of solar wind dynamic pressure (PSW) on the convection, however, have not received much attention. Here we show evidence that the effects can be important. A compression/rarefaction of the magnetosphere by sudden changes in the PSW is a major feature of the solar wind interaction with the Earth's magnetosphere. Within a few minutes of the time a PSW enhancement compresses the magnetosphere, the entire magnetospheric current system can be significantly enhanced, including the global field-aligned current (FAC) system that lies along the open-closed field line boundary, the ionospheric current, driven by magnetospheric convection, and the cross-tail current [Lyons, 2002] . A large strengthening and widening of the auroral oval and the auroral zone currents during a PSW pulse event has been found by Zesta et al. [2000] . Zesta et al. [2000] reported that the increase of the DP2 current system implies a global increase of the Region 1 FAC, which is in agreement with the circuit that connects the boundary layer, the Region 1 FAC, and the ionospheric currents [Siscoe et al., 1991] . Under conditions of southward IMF, the effect of Region 1 FAC increase from the compression penetrates to the low latitudes on the dayside [Russell et al., 1994; Zesta et al., 2000] . Recent studies [Shue et al., 1997; Lyons et al., 2000; Zesta et al., 2000] have shown that the PSW response is more global than that of substorms and dominates geomagnetic disturbances during periods of steady enhanced convection.
[3] Compression of the magnetopause is also a source of transient phenomena in the ionosphere. The duration of a PSW disturbance within the solar wind determines whether its magnetospheric effects are localized or global. PSW pulses lasting a few minutes create a localized disturbance in the magnetopause [Sibeck et al., 1990] and transients in the high-latitude ionosphere lasting 10-15 min, the so-called traveling convection vortex (TCV) . In terms of two-dimensional equivalent currents, the ionospheric transients consist of a series of vortices traveling away from the magnetic local noon [Friis-Christensen et al., 1988; Glassmeier and Heppner, 1992; Zesta et al., 1999] . Prolonged pulses lasting tens of minutes and step changes in PSW cause sudden changes of geomagnetic field all over the world. The balance between PSW and the magnetic pressure exerted by the magnetosphere is achieved by dawn-to-dusk currents flowing within the dayside magnetopause (DCF current). A sharp increase in PSW gives rise to a compression of the magnetosphere, which is accompanied by a DCF current increase that produces an increase of the northward ground magnetic component. Analysis of the ground magnetic signatures of sudden impulses (SI) and sudden commencements (SC) preceding magnetic storms [Nishida, 1978] have shown that the main positive northward component increase, the main impulse (MI), is often preceded by a preliminary impulse (PI) of short duration and large amplitude. The initial response of the ionosphere is due to FACs associated with Alfven waves [Wilken et al., 1982] . The MI appears due to enhanced dawn-to-dusk electric field consistent with the adjustment of the magnetosphere to a new compressed state [Araki, 1994] .
[4] Most previous discussion has focused on low-latitude and midlatitude effects of SI/SC. The response of the polar cap ionosphere to sudden changes in PSW has so far been analyzed in only a few studies. This is partly the result of insufficient data coverage in the northern and, especially, in the southern polar region. Recently, Engebretson et al. [1999] examined the magnetic field and riometer signatures of the response in the polar cap and very high latitude ionosphere to a SC on 21 February 1994. In both hemispheres, observations of the PI were consistent with the temporary imposition of a field-aligned current pair antisymmetric about local noon in the polar ionosphere. Moretto et al. [2000] utilized the Assimilative Mapping of Ionospheric Electrodynamic (AMIE) technique to provide the best view to date of the dynamic response in the highlatitude ionospheric convection during a case study of a SI event. The study found that convection cells in the polar cap grew and decayed on minute timescales without any well-defined propagation. This implies a change of the sign of electric field over the polar cap and provides insight into a global solar wind-magnetosphere-ionosphere process that occurs on a very rapid timescale.
[5] In this paper, we present substantial new observations of the rapid changes of the convection system in the polar cap that are directly caused by sudden increases or decreases in PSW. We focus on consistent features that are seen in the PC index, an index that measures changes in the transpolar ionosphere equivalent current. To demonstrate this response, two cases of strong PSW pulses occurring during steady IMF are presented along with high and low-latitude ground magnetic data. The PC index response associated with interplanetary clouds accompanied by magnetic storms from 1998 to 2001 when the index reaches high values are examined. Events of PSW jumps under various IMF conditions are used to emphasize a short-lived transient phase of the response, and results of statistical study of the responses to PSW sudden increases occurring in 2000-2001 are discussed. We also discuss geosynchronous particle observations associated with the response.
PC Index
[6] Numerous investigations show that the southward component of the IMF generates a two-cell DP2 equivalent current pattern in the polar cap. Fairfield [1967] defined the polar cap index as the maximum of the horizontal component disturbance measured at a polar cap station. Although the Earth is rotating under the two-cell pattern, a station located close to the pole remains under the sunward part of the DP2. Troshichev et al. [1979] proposed a polar cap magnetic activity index based on data from a single nearpole station: Vostok (À83.4°) and Thule (86.5°), where the magnetic disturbance F corresponds to the transpolar portion of the DP2 currents. [Troshichev and Andrezen, 1985] have shown that F correlates best (r % 0.8) with the interplanetary electric field Em ''merging with the magnetosphere'' [Kan and Lee, 1979] :
where v is the solar wind velocity, BZ and BY are the IMF vertical and azimuthal components, and q is the angle between the Earth's magnetic field and the IMF total vector. Taking into account the linear relationship between F and Em, the PC index is a dimensionless quantity parameterized by season, UT, hemisphere, and calibrated for interplanetary electric field Em. The PC index is not sensitive to changes in the DCF current. Values of the PC index are positive during southward IMF. During periods of BZ < 0 the solar wind interaction with the magnetosphere produce the same two-cell system. The BY-related system is generally circular around the magnetic pole. The transpolar portion of the combined current system is maintained sunward, and the PC index is also positive. During northward IMF, an antisunward transpolar current can develop. The PC index can be close to zero or even negative as the station rotates under that current.
[7] The results of statistical analyses show the relationship between the PC index and such magnetospheric parameters as auroral electrojet intensity [Vennerstrom et al., 1991; Vassiliadis et al., 1996; Takalo and Timonen, 1998 ], cross polar cap voltage and polar cap diameter [Troshichev et al., 1996] , ionospheric Joule heat production [Chun et al., 1999] , ionospheric electric field in the near-pole region [Troshichev et al., 2001] , and global auroral power [Liou and Meng, 2001] . The PC index can be regarded as an index of the convection electric field generated by solar wind coupling to the magnetosphere and is often used as a proxy of the interplanetary electric field Em. However, the above studies have not considered the effects of PSW on the PC index.
[8] At present time, 1-min values of the PC index from magnetic data of Thule station is produced by the Danish Meteorogical Institute (available at http://www.dmi.dk). The northern PC index is available daily. The PC index from Vostok magnetic data is produced by the Arctic and Antarctic Research Institute (available at http://www.aari. nw.ru). This southern PC index is available in near-real time (every 12 min). Despite some differences in derivation techniques, both indices generally change in accordance with each other .
Effects of Pressure Pulses
[9] A comparison of IMF and solar wind (SW) parameters with the PC index shows that the index is sensitive to PSW sudden changes. Solar wind dynamic pressure is calculated by formula:
where msw is the mean ion mass, Nsw is the SW density, and Vsw is the SW speed. ACE, WIND, and IMP-8 spacecraft measurements were used. In section 3, we study the effect of isolated PSW pulses. In order to demonstrate the response to PSW pulse occurring during periods of steady southward IMF, the events of 10 January 1997 and 25 September 1998 magnetic storms are examined. The SI event of September 2000 is used to illustrate the response to pulses occurring during steady northward IMF. In section 3.1, the effect at high latitudes is considered. In section 3.2, the effect at low latitudes is studied using magnetic data from different local time sectors. In section 3.3, we examine a correlation between the PC index and the interplanetary electric field ''merging with the magnetosphere''. Events having significant PSW disturbance and high values of the PC index are considered as test cases of how this dependence changes upon PSW.
3.1. High-Latitude Response 3.1.1. The 10 January 1997 Magnetic Storm
[10] Figure 1a shows the behavior of the IMF BZ and BY components (upper panel) measured by the WIND spacecraft with 5-min resolution. The second and third panels of Figure 1a give Em and PSW calculated from the SW and IMF observations using equations (1) and (2), respectively. The PC index from the southern polar cap is shown in the fourth panel. To monitor auroral-zone current the AE index (fifth panel) is used. The SYM-H index, which is similar to the Dst index, is shown in the sixth panel. Changes of all parameters are shown (hereinafter) without any time shift. After the southward turning at 0500 UT, the IMF remains negative (B Z % 10 nT) for over 10 hours. The IMF BY component gradually rotates from positive to negative value. Interplanetary electric field, Em is stable over this period. At 1030 UT the PSW rises up to 6 nPa and 30 min later returns to the previous level. At that time WIND was located at GSE (88.5, À58.6, À3.9) RE. Using the SW speed and the distance between the spacecraft position and the magnetopause, the estimate travel time of the SW structure is 20 min, which would give an arrival at the subsolar magnetopause at 1050 UT. Vertical dotted lines indicate the start time of the PSW pulse and the ground response. At 1050 -1120 UT an enhancement in the PC index is observed. The peak value of PC is 12; the shape and duration of the signature is very similar to that of the PSW pulse. Since the IMF does not turn more southward and Em exhibits no enhancement, the PC index increase at 1050 -1120 UT must be entirely due to the effect of interaction of the SW structure (mainly SW density enhancement region) with the magnetosphere. At the same time, an increase of the AE index is observed. It thus seems very likely that the simultaneous enhancement in the PC and AE indices is a result of the global strengthening of the DP2 current system, including its transpolar part and the auroral part. Note that the PSW pulse occurred during the course of the main phase of the magnetic storm. Between 0300 and 0900 UT, the SYM-H index drops by À100 nT. At 1050 -1120 UT the SYM-H index shows a small-scale positive perturbation, a bay of 30 nT, due to increased DCF current at the magnetopause driven by the PSW pulse. 3.1.2. The 25 September 1998 Magnetic Storm
[11] Figure 1b shows the behavior of the IMF BZ and BY components (upper panel) measured by the IMP-8 spacecraft with 5-min resolution, along with the calculated Em and PSW (second and third panels). A PSW pulse occurs during a period of southward IMF, which, after a turning at 0200 UT, remained negative (B Z % À10 nT) for over 10 hours. The IMF BY component was positive after 0400 UT. Em remained strong ($10 mV/m) from 0400 UT until after 1200 UT with a small decrease at 0600-0800 UT. A strong PSW pulse (up to 25 nPa) was observed at 0600-0650 UT. Propagation time of this SW structure from the spacecraft position to the magnetopause is about 15 min. At 0615 -0710 UT, the PC index (fourth panel) responds to the pulse with a very large increase up to $30 and the AE index (fifth panel) increases up to 2500 nT. Taking into account the propagation time, PSW and both of the indices rise and reach their peak values in accordance. The behavior of the polar cap and auroral indices reflect the global strengthening of the DP2 current in response to the PSW pulse. During the period of interest, the SYM-H index (sixth panel) drops down to À200 nT indicating a development the ring current. At 0615 -0710 UT, the SYM-H shows a wave-like perturbation, which is first positive (up to À170 nT at 0615 -0645 UT) and then negative (down to À230 nT at 0645 -0710 UT). This signature is different from a simple positive bay that usually indicates the increased DCF current due to the passage of a PSW pulse. In the next section, the low-latitude response will be studied in more details.
The 6 September 2000 Sudden Impulse (SI)
[12] This is an example of a sudden increase in PSW occurring during intense northward IMF (B Z % +10 nT). Figure 1c shows changes of the IMF BZ and BY components measured by the ACE spacecraft (upper panel) with 5-min resolution. Calculated Em (second panel) and PSW (third panel), the PC index (fourth panel), the AE index (fifth panel), and the SYM-H index (sixth panel) are presented. From 1200 UT to 1830 UT, both the IMF BZ and BY were positive and fluctuated gradually; the SW velocity (not shown) was about 300 km/s. During this period, stable weak Em ($1 mV/m) was observed. At 1610 UT, the SW density abruptly increased and PSW increased from 2 to 15 nPa. Then at 1650 UT, PSW decreased from 15 to 10 nPa and kept that level during the next 3 hours. The time shift (55 min) between the two vertical lines corresponds to the time for the SW structure to travel from the spacecraft position at L1 point to the subsolar point of the magnetopause. At 1705 -1750 UT, an enhancement of the PC index (up to 7) is clearly seen consistent with the escalation of PSW. Note that the response of the PC index is weaker then the response under southward IMF. It is also important that the PC index responds only to the initial PSW pulse (1610 -1650 UT) and returns to the undisturbed level after PSW levels out at 10 nPa and stops changing. At 1701 -1704 UT, during the first 3 min of the response just before the main enhancement, the PC index shows a negative spike. At the same time, a spike in the AE index is observed along with an abrupt increase in the SYM-H index from 5 to 40 nT, which clearly indicates a SI signature. For this event, the PC index response to PSW front under northward IMF consists of two successive phases: a brief negative spike that is followed by the main increase. As mentioned in section 2, negative values of the PC index correspond to antisunward transpolar current. The behavior of the PC index during the SI event on 6 September likely reflects a change in the direction of transpolar current that occurs on a very rapid time scale. A brief spike in the AE index implies that the auroral zone current is also affected. After the brief spike, an immediate rise of the PC index and then an increase in the AE index implies that the DP2 current rapidly enhances in response to the PSW enhancement. Thus, a strengthening of the entire DP2 current system seems to be a common feature of the full response. The initial short time scale current vortices of the opposite sign are not commonly observed. The favorable conditions will be discussed later in section 4.
Low-Latitude Response
[13] From the examples considered above one can see that during a period of steady IMF, the PC index follows the increase and decrease in PSW without any time delay. A generalized effect of PSW disturbance is also seen in the SYM-H index that is calculated by averaging the horizontal component at each minute for the six midlatitudes stations. However, individual ground magnetometers, located at different longitudes, can observe more complicated signatures. A list of low-latitude/midlatitudes geomagnetic observatories covering a broad range of longitudes is presented in Table 1 . Figure 2 gives a stack plot of the X-component for the three events considered in section 3.1. Stations were binned into four groups depending on MLT location: morning sector (0300 -0900 MLT), day sector (0900-1500 MLT), evening sector (1500 -2100 MLT), and night sector (2100 -0300 MLT). Vertical dotted lines in each panel indicate the time interval of the response to the PSW pulse. MLTs corresponding to UTs for each station are shown in Table 1 .
[14] The left column of Figure 2 , from top to bottom, shows magnetic recordings made at the stations located on the nightside (Honolulu), on the dawnside (Boulder, San Juan), on the dayside (Hermanus, Bangui), and on the duskside (Lermonth, Guam) during the time interval from 0900 until 1300 UT on 10 January 1997. At 1050 -1120 UT, every magnetometer shows a main positive bay in the X-component usually associated with the magnetopause compression and increased DCF current at the magnetopause. It should be noted that the stations located on the dayside and eveningside observe a positive bay with a wave-like form that is first positive and then negative. The unusual negative signature on the dayside is clearly seen during the next event of 25 September 1998.
[15] The middle column of Figure 2 , from top to bottom, shows the X-component during the time interval 0400 -0900 UT on 25 September 1998. Huancayo was located on the nightside; Bangui and Hermanus were on the morningside; Guam, Lermonth, and Kakioka were on the dayside; Honolulu was on the evening side. At 0610-0700 UT, magnetometers located in the morning and night sectors observe a positive bay as a direct response to increased DCF current caused by P SW pulse. At the same time, a negative bay is seen in the magnetic recordings obtained from the stations located in the day and early evening sectors. The response near local noon (Kakioka, Guam, Lermonth) is twice as strong as the response away from local noon (Honolulu). Superposition of the positive and negative bays in the X-component leads to a wave-like signature in the SYM-H index (see Figure 1b , bottom panel). An unusual negative bay characteristic of decreased DCF current that is observed on the dayside could be a response to enhanced dayside Region 1 field-aligned currents, as later discussed.
[16] The right column of Figure 2 shows the X-component observed by stations Lermonth, Maputo, Honolulu, and Huancayo during the time interval 1500 -2000 UT on 6 September 2000. The stations cover a wide range of MLT regions. At 1610 UT, every magnetometer detected an abrupt onset of the positive perturbation that indicated a SI event with preliminary impulse. From 1610 until 2000 UT, changes in the X-component perfectly reflected changes in PSW and the accompanying DCF current change. An increased positive deflection between 1610 and 1645 UT is clearly related to the PSW pulse at the beginning of high-pressure front. This example illustrates that the effects of PSW changes are particularly clear at all MLTs for northward IMF. This is due to the lack of effects from field-aligned currents.
[17] A comparison of the PC index response and the low-latitude response shows the following features. On 10 January, both the PC and the X-component from all MLT regions show a positive bay with a shape and duration similar to the PSW pulse, though on the dayside the bay is distorted. On 25 September 1998, both the PC index and the X-component from the stations located in the night local time sector demonstrate a positive bay, whereas the X-component from dayside stations clear shows a negative bay. On 6 September 2000 the low-latitude X-component from the stations in different local time sectors exactly follows the PSW changes, over a period of several hours. The PC index response is much shorter: the enhancement is observed within several tens of minutes. Just before the main enhancement a brief negative spike in the PC index is seen simultaneously with a spike in the X-component attributed to PI.
Correlation Between Interplanetary Electric Field and the PC Index
[18] The general consensus is that the merging electric field determines a wide range of magnetosphere-ionosphere coupling processes. The PC index response to PSW pulse gives an evidence for the driven effect of sudden changes in PSW. This effect can be as large as the effects due to the changes in the IMF. Note that the magnitude of P SW mainly depends on the SW density. The specific mechanisms for a direct SW energy transfer into the (dayside) magnetosphere, rather than by transport first to the magnetotail and then to the nightside magnetosphere are a subject of investigations at this time.
[19] The event of 25 September 1998 illustrates nicely the change in the strength of transpolar current caused by the PSW pulse while the interplanetary electric field is stable. The ''Bastille Day'' magnetic storm is another event demonstrating that the PC index response to a PSW pulse can be of similar magnitude as the response to a southward IMF. shown without any time shift. Despite the fact that the measurements of SW on board ACE and WIND were fragmentary, both spacecrafts show an extremely high PSW pulse up to 50 nPa. The pulse crosses the Earth's orbit 1 hour prior to a noticeable increase in the interplanetary electric field. At 1440 -1530 UT, the PC index reached a maximum of 33 in response to the PSW pulse. A very rapid rise, up to 15, is seen within the first 2 min of the response. After 1530 UT, the PC index is primarily affected by the variation in Em, and at 2010 UT it reaches a value of 32 in response to an increase in Em up to 60 mV/m.
[20] It is well known that an arrival of interplanetary cloud can cause a SI or a SC followed by a magnetic storm. Within an interplanetary cloud, both the IMF and PSW often share an initial rise, but they subsequently can vary dynamically and nearly independently of each other. We selected events during which Em and PSW reached their peak values at different times allowing us to separate the relative influence of PSW and IMF on the PC index. Magnetic storms characterized by high values of the PC index (PC > 5), which occurred in 1998, 2000, and 2001, were examined. Some appropriate events of interplanetary shock passage during a northward turning of the IMF were included in the analysis as well. Selected events are listed in Table 2 . The PSW effect is well seen in Figure 4 representing the relationship between the PC index and Em under conditions of low (solid points) and high (open points) PSW. Events listed in Table 2 have been examined in the following manner. To meet the requirement for the minimum PSW effect we took the moment of peak value of Em; to meet the requirement for the maximum PSW effect we took the moment of the pulse peak; the values of the PC index and Em observed just in these moments have been examined. In doing so, each event is presented using two (solid and open) points in Figure 4 . As an example, pairs of points for the events of 25 September 1998 and 15 July 2000 are joined by dotted lines. In Figure 1b and Figure 3 , the moment of largest pressure effect is indicated by filled circle and the moment of largest Em effect is indicated by open circle.
[21] From Figure 4 , one can see that the linear dependence between Em and PC index is kept for low PSW. A similar linear dependence (thick gray line in Figure 4 ) was obtained by Troshichev et al. [1985] from statistical analysis. In that study, substorm periods were excluded from the analysis so that the values of PC index did not exceed 5. The influence of PSW pulses causes dramatic deviations from the usually linear trend between Em and the PC index. Unusually large values of the PC index can be observed even under low interplanetary electric field conditions. Such a poor correlation between Em and the PC index seems to be typical of magnetic storm conditions. The relationship between the PC index and PSW has not been quantified since the intensity of the PC index response varies with the orientation and magnitude of the IMF. Other factors, including whether a substorm has occurred, may also affect the relationship between the PC index and PSW.
Transient Disturbances
[22] A notable feature of the PC index response to a PSW sudden increase is that the main enhancement is often preceded by a $3 min spike of the opposite direction. A sudden decrease of PSW causes a positive spike. This section is focused on the short-lived transient phase of the response. In section 4.1, three representative examples of PSW jumps are examined in order to demonstrate the initial spike in the PC index response: two examples of PSW sudden increase and one example of PSW sudden decrease. A statistical study of the spiky response during different IMF conditions is presented in section 4.2. [23] The maximum of solar cycle 23 occurred in April 2000. An intense storm was the storm of 6 -7 April, which followed a SC at 1640 UT, and reached a minimum Dst of À320 nT at 0100 UT on 7 April. This remarkable event has been chosen to show that a negative spike of the PC index occurs when the PSW increase is associated with a further strong southward turning of the IMF and the high pressure front hits the magnetosphere before Dst goes down. The top panel of Figure 5 shows the IMF BZ and BY components measured by ACE (1 min resolution) from 1530 to 1730 UT. The second panel gives PSW calculated from the SW velocity and density using equation (2). The third panel shows the PC index from northern and southern hemispheres. The forth and fifth panels show the AE and SYM-H indices. Changes of all parameters are given without any time shift. Using the solar wind speed and a distance between the spacecraft position (L1 point) and the magnetopause, the estimated travel time of the SW structure is 40 min, which would give an arrival time at the sub-solar magnetopause of 1640 UT. The IMF BZ component rotates gradually and becomes negative at $1500 UT. The interplanetary shock with a sharp southward turning of the IMF (from À3 to À18 nT) and sharp increase of PSW (from 1.5 to 17 nPa) was detected at 1605 UT. At 1640 -1643 UT the main enhancement of the PC index (up to $10) was preceded by a spike in the opposite direction (a decrease of $2 units) observed in both polar caps simultaneously. The duration of the spike is 3 min. The beginning of the spike coincides with the increase of the AE index that indicates the auroral-zone current intensification and coincides with the sharp jump of SYM-H index that indicates the compression of the magnetosphere. Southward IMF generated a stable DP2 current system and the PC index was positive during the period just before 1640 UT. However, at 1640 -1643 UT, a brief excursion of the PC index towards zero level indicates a rapid growth and subsequent decay of anti-sunward transpolar current that counteracts the effect of DP2 current.
SI Event of 22 August 1995
[24] This event of a PSW sudden increase under northward IMF is similar to the event of 6 September 2000 considered in section 3.1. However, it is interesting to consider the SI of 22 August 1995 because it was well studied by Moretto et al. [2000] . In that study, a series of snapshots of the north polar ionospheric potential patterns were obtained and a two-phased response was observed. Analysis of the PC index behavior seems to confirm the result of Moretto et al. [2000] . The two upper panels of Figure 6 show the IMF BZ, BY components and PSW from WIND measurements (1-min resolution). The IMF was northward from 1215 until 1330 UT (B Z % 2 nT), except for brief southward turning at 1310 UT. At 1300 UT, the PSW suddenly increased by a factor of four within 3 min. A step change in the SYM-H index (fifth panel) indicated a compression of the magnetosphere. The PC index was close to zero before 1309 UT. Then, at 1309 -1312 UT, the PC index from both hemispheres dropped down to À1.5 and immediately rose up. The main enhancement lasted from 1313 until 1323. The start time of negative inflection of the PC coincided with the start time of positive inflection of the AE and SYM-H indices. This is likely a signature of a shortlived strengthening of antisunward transpolar ionospheric current that was followed by a strengthening of sunward current. The timing of the PC index response at 1309 -1323 is in a good agreement with that seen in the potential patterns obtained by Moretto et al. [2000] .
Event of Sudden Decrease in PSW on 22 June 2000
[25] This event illustrates nicely the transient response when PSW suddenly decreases. Two upper panels of Figure 7 show the IMF and PSW from ACE measurements. At 0930 UT, the PSW suddenly decreased from 9 to 3 nPa, while the IMF became even more northward. Rarefaction of the magnetosphere was detected by the SYM-H index at 1034 UT (fifth panel). Before the PSW change, the PC index was very low (PC < 1) under northward IMF. Taking into account the SW velocity of 350 km/s, the propagation time from L1 point to the magnetopause was estimated as 60 min. In Figure 7 , the time shift between the IMF/SW changes (two upper panels) and ground response (three lower panels) is 1 hour. At 1034 -1037 UT, the PC index from both hemispheres (third panel) exhibited a positive spike that indicated the very rapid strengthening of the sunward transpolar current. A spike was simultaneously observed in the AE index (forth panel). After 1037 UT, both of the indices returned to their undisturbed level and exhibited no enhancement under conditions of northward IMF and decreased PSW. It should be noted that such signatures are seldom observed since significant sudden decreases of the PSW seldom occur. Usually, a PSW disturbance has an abrupt high front and gradual trailing edge. However, from the examples considered above one can see the similar but oppositely directed response to an increase and to a decrease of PSW.
Results of the Statistical Analysis
[26] One-minute values of the PC index from both hemispheres are available since 1992 (some gaps in 1994 and 1996) . Even visual examination of the PC index time series reveals many examples of specific signatures consisting of an initial brief spike of opposite direction that is followed by a main increase. All of the examples turn out to be associated with fronts of increased PSW that are detected on the ground as a step change in the SYM-H index. In this section, we consider the occurrence of initial transient response to PSW sudden increases during 2 years of solar maximum, 2000 and 2001. PSW was calculated from ACE measurements with 1-min resolution. Intervals during which PSW < 2 nPa were excluded. From 2000 -2001 period, the events were selected which satisfied the condition that PSW had a step change increase of at least a factor of 2 within 3 min. Both storm-time and not-storm-time events were included in the analysis. As a result, we obtained a total of 94 events selected by the only criterion of PSW sudden increase. For these events the PC index response was examined. We found that for 60 events the PC index exhibited a negative spike just before the main abrupt enhancement, while for other 34 events there were no spikes. Instead, the latter showed extended rise time of the main enhancement. Figure 8 shows results of the superposed epoch analysis for 60 events that exhibit the initial negative spike. Each event of a PC index negative spike in response to a sudden increase of PSW was considered as an individual event and centered at the epoch zero. The time T0 = 0 was taken to be the beginning of ground SI/SC onset detected by the SYM-H index. For an individual event, a zero level of negative inflection coincided with of the PC index value at T 0 . An average temporal profile was calculated for the PC index with a resolution of 1 min in a time window of ±5 min around epoch zero. From Figure 8 , one can see a well-defined response of 3 min duration. An averaged value of the PC index drop down is about 2. Note that Figure 8 shows reversed inflection of the PC index.
[27] Sudden increases of PSW are often accompanied by IMF changes. It is necessary to discuss the possible relation of the IMF orientation and spike occurrence. Selected 94 events were binned into two groups: PSW jumps accompanied by southward turning of the IMF and ones accompanied by northward turning. The first group also included the events with no change of the IMF Bz when it was negative, and the second group included the events when the IMF Bz was positive. Totals of 50 and 44 events have been obtained. Both of the totals were arranged by the IMF B Z value just before a PSW sudden increase. Changes of the PSW, the IMF Bz, and the PC index for events accompanied by southward turning of the IMF are shown in Figure 9 . Figure 9 and upward in Figure 10 . Filled points correspond to the SI/SC events when D st was not depressed. Open points correspond to sudden increases of PSW occurring during the main phase of the magnetic storm when Dst had its peak (Dst < À100 nT). Different types of points are used in order to distinct two periods of D st : during the former the ring current is weak, during the latter the ring current is developed. It seems to be important for spike occurrence. The third panels of Figure 9 and 10 show negative spikes in the PC index from northern (gray bars) and southern (hollow bars) hemispheres. Length of the bar gives the amplitude of the spike. The upper point of every bar corresponds to the initial value of the PC index just before the negative deflection, and the end point of the bar corresponds to the minimum value that the PC index reaches within the 3-min spike. Open point at the axis PC = 0 indicates no spike. From Figures 9 and 10 , one can see that the initial transient response to a PSW sudden change can be observed both during northward and southward IMF, likely there is no favorable IMF orientation. It is worthy to note that under condition of southward IMF the PC index can drop down from relatively high level (PC > 5). However, a poor correlation between the amplitude of the spike and the IMF BZ or PSW is revealed (not shown). A possible reason is low (1 min) resolution of the PC index so that the actual peak value of the inflection can be missed.
[28] Comparison of top, middle, and bottom panels for individual events shows that if the PSW sudden increase occurred when Dst depression was large, no spike was observed. Among all events presented in Figure 9 and 10, there are 34 events with no spike. This result implies that the ring current plays a crucial role in occurrence of the transient phase of the response. It likely reflects a different rate of dayside magnetospheric compression if the ring current is marginal or developed.
Geosynchronous Orbit Particles Data
[29] Simultaneously with the PC index response, particles at geosynchronous orbit respond to sudden change in PSW. In section 5 we consider energetic particle enhancements that are related to sudden increases in PSW. Unlike substorms, dispersionless injections are detected simultaneously at different local times. The two SC events on 6 April and 8 June 2000 with comparable PSW change ($15 nPa) are examined. The IMF was southward prior to the 6 April event and northward prior to the 8 June event. An example of geosynchronous particle response to a PSW pulse occurred during a storm main phase on 25 September 1998 is presented in order to demonstrate that, in accord with ground response, the flux enhancement is more gradual in comparison with SC.
[30] Figure 11 shows energetic particle data from LANL 1989 LANL -046, 1991 LANL -080, and 1994 for the SC event of 6 April 2000. The measurements of electron (50-500 keV) and proton (0.05 -1.2 MeV) fluxes are shown in the left and right panels, respectively. The IMF/SW parameters and the ground response for this event have been considered in section 3.1. Brief excursion of the PC index from 2 down to 0 was observed at 1640 -1643 UT. Immediately after, the PC index rose up to 7. Exactly at 1640 UT, abrupt injection fronts were detected by the 1989-046, 1991-080, and 1994-084 located at 0635, 1710, and 2335 MLT, respectively. The fluxes of energetic particles increased in several times of magnitude in the timescale of minute and then decreased gradually. There was no time delay between the injections on the dayside and on the nightside. At 1640-1645 UT, LANL 1994-084, located just before midnight, detected a brief, sharp electron flux enhancement more clearly seen in the lowest (50 -315 keV) energy channels. This spike is noticeably sharper and shorter in duration than the substorm flux enhancement.
[31] Figure 12 shows the IMF BZ, BY, and PSW from ACE data for the event on 8 June 2000. The IMF BZ was northward until 0850 UT. At 0840 UT, the PSW suddenly increased up to 15 nPa. At the same time the IMF BZ became more positive and 10 min later turned southward. Figure 13 shows changes of the PC, AE, and SYM-H indices from 0830 until 1000 UT. At 0912 -0915 UT, a negative spike in the PC index that followed by small enhancement was observed along with a spike in the AE and a step change of the SYM-H ( propagation time of the SW structure from L1 point to the magnetopause is 35 min). Energetic electrons and protons data from LANL 1984 LANL -046, 1991 LANL -080, and 1994 at 830 -1000 UT is shown in Figure 14 . From these figures, one can see that pressure front is immediately followed by rapid enhancement of energetic particles. Dispersionless injections were detected simultaneously at all local times. At 0911 UT, a sharp increase of electron and proton fluxes was observed by the 1991-080 and 1994-084 located at 0930 MLT and 1600 MLT, respectively. The 1984-046 spacecraft located at 2150 MLT observed the injection front at 0912 UT. After the main enhancement at 0912 UT, a series of brief oscillations in electron and proton fluxes are observed at different local times that is more clearly seen on the nightside. From Figures 11 and 14 , one can see that an abrupt injection front appears to be associated with PSW sudden change occurring during southward and northward IMF. For comparable magnitudes of PSW, the rate of particle energization (height of injection fronts in particles/cm2-s-sr-keV) seems to be similar at most local times.
[32] Figure 15 shows the measurements of electron (50 -750 keV) and proton (50 -670 keV) fluxes for 25 September 1998. The IMF/SW parameters and the ground response for this event have been considered above. During period of interested (0530 -0700 UT) data from LANL 1991-080 is available. Data from other two spacecrafts has gaps at 0610 -0625 UT. The 1991-080 located at 0700 MLT observed the injection front at 0615 UT. It is most clearly seen in energetic electrons. In Figure 15 the vertical dashed lines indicate the onset of an energetic electron and proton injections coinciding with the PSW pulse. The front had a relatively long rise time of >10 min in response to gradual compression of the magnetic field.
Discussion
[33] Results of the above analysis show that PSW sudden changes influence the polar cap magnetic activity characterized by the PC index. It implies an instantaneous change in the transpolar portion of the DP2 ionospheric current associated with global two-cell convection system in direct response to PSW. Consideration of the PC index behavior has raised a number of interesting problems.
Enhanced M-I Currents
[34] An enhancement of the PC index in response to a PSW pulse is more clearly seen if an isolated pulse occurs during a period of steady IMF (southward or northward). The enhancement starts with the compression of the dayside magnetopause by high-pressure front and lasts until the PSW pulse propagates tailward. The shape and duration of the PC index variation is clearly related to the PSW pulse. Thus the strength of magnetospheric convection depends on both IMF and PSW. It is known that PSW pulses mostly result from SW structures with increased density. That implies a mechanism of energy input other then the magnetic reconnection. Our study shows that during magnetic storm caused by interplanetary cloud (within which PSW varies dynamically), the peak values of the PC index and interplanetary electric field E m often do not correspond each other, but instead the peak of PC corresponds a PSW pulse. Statistically, a linear dependence between PC and E m is typical of nonstorm periods. Each individual magnetic storm reveals very poor correlation between these two quantities. It is worthy to note that an increase of scattering for higher values of PC was seen in most previous statistical studies based on the PC index. In particular, it was attributed to the change of the SW characteristics on the way from L1 point to the Earth or the crucial influence of preceding state of the magnetosphere [Vassiliadis et al., 1995; Troshichev and Lukianova, 2002] . Previous studies have not considered the effects of PSW on the PC index. In that connection, the effect needs further statistical evaluation.
[35] Formation of ionospheric current system in the polar cap is regulated by ionospheric conductivity and electric field related with field-aligned currents. An enhancement in the PC index therefore can be due to both factors. However, even though a PSW enhancement affects the entire auroral zone so that poleward boundary of the auroral oval moves poleward leading to a reduction of the polar cap area, it does not give a significant rise to the conductivity within deep polar cap. The Region 1 FAC determining the polar cap voltage is likely responsible for the PC index behavior throughout the magnetospheric compression/rarefaction. A model of the electric circuit linking the low-latitude boundary layer (LLBL), Region 1 FAC, and ionospheric current was proposed by Siscoe et al. [1991] . Yang et al. [1994] used the Rice Convection Model and demonstrated the theoretical possibilities for generation of Region 1 FAC by pressure gradients. According to Lundin et al. [1993] , the dynamo processes within the LLBL could be powered by magnetopause indentation and pressure gradients propagating from the dayside magnetopause tailward along the LLBL and producing the intensification of the cross-tail current as of the FAC. This idea primarily concerned a boundary driven substorm. Magnetospheric response to sudden change in PSW seems to be quite different from a substorm; the latter is nightside phenomenon associated with formation of ''current wedge.'' In the former case the site with increased FAC drifts toward the tail being invariably mapped in the dayside cusp region during full time of the disturbance passage along the LLBL. Indeed, the event of 6 September, considered above, shows that high but steady PSW does not produce the escalation of the PC index. This question needs further investigation and will be considered in a subsequent paper. The effect of the PSW pulse on the ionospheric current using a global network of ground magnetometers and images from the POLAR spacecraft was studied by Zesta et al. [2000] . For the event of 10 January 1997, the strengthening and widening of the auroral electrojet connected to an enhanced Region 1 FAC was found. Zesta et al. [2000] reported that the auroral oval extended to almost 80°Glat, suggesting an increase in nightside reconnection.
Effect of Field-Aligned Current at Low Latitudes
[36] Low-latitude response gives further evidence of the enhancement of the Region 1 FAC in direct response to PSW pulses. Unusual negative bays in the X-component from dayside low and mid-latitude ground magnetometers in response to a PSW pulse were observed during the main phase of the magnetic storm on 25 September 1998. In the past, the effect of decreased geomagnetic field on the dayside was considered. Russell et al. [1994] found that the dayside low-latitude and midlatitude response to the PSW increase is 25% smaller when the IMF is southward then when it is northward, presumably because of the Region 1 FAC associated with dayside reconnection. For the 10 January 1997 event, Zesta et al. [2000] suggested that the effect of Region 1 current swamps the effect of increased magnetopause current at middle latitudes as low as 42°. It has been shown above that on 25 September 1998 the effect of strong Region 1 current penetrates to equatorial latitudes. A negative bay in the X-component is detected by dayside station as low as 14°( station Guam). It swamps the effect of DCF current and possible effect of equatorial electrojet that can additionally enhance the magnetic field at the Earth's surface in the latitudinal interval ±10°. In addition to effect of FAC, a negative bay could be considered as a manifestation of the ring current influence that leads to a local decrease of DCF current in the subsolar region of the magnetopause. Magnetic flux between the ring current and magnetopause current in the dayside low-latitude region increases, while the subsolar point of the magnetopause shifts significantly earthward du1e to PSW sudden increase. Estimation of the distance from the Earth to the subsolar point on the Figure 15 . Geosynchronous energetic particle data for 0530 -0700 UT on 25 September 1998, the main phase.
magnetopause by the formula given by Shue et al. [1997] :
shows that on 25 September the subsolar point shifted from R % 11RE to R % 7.5RE. That is, assuming the location of the ring current at 4.5RE, the distance between two currents decreased by factor of two. Note that during the 10 January magnetic storm, the subsolar point did not shift significantly (from R % 10.8RE to R % 8.9RE). Equatorial stations observed a positive bay in every local time region, although it seems to be distorted on the dayside. Increased magnetic flux in the space between the dayside magnetopause and ring current could lead to the fact that the response of DCF current to the same PSW sudden increase appears to be smaller in the presence of enhanced ring current then without it. The ground effect of a locally distorted (with decreased current intensity in the subsolar region) DCF current along with dramatically increased Region 1 FAC is observed by dayside equatorial magnetometers as a negative bay. Such a bay can be a distinctive signature of strong PSW pulse occurred during a storm main phase, that is to be verified in further study.
Fast Changes in Transpolar Current
[37] We found the PC index signature of SI/SC. The full response of PC to a PSW sudden increase is two-phased. The clearly identifiable negative spike of $3 min duration just before the main enhancement of the PC index indicates the formation and decay of antisunward transpolar ionospheric current within a short time interval that is immediately followed by prolonged increase of transpolar part of DP2 current. If the IMF is strongly southward, the PC index can exhibits a spike that actually does not reach a negative value, indicating only some overshooting of the DP2 current. In the case of a PSW sudden decrease, the opposite effect of a positive spike is observed followed by no enhancement.
[38] The results presented confirm the results of Moretto et al. [2000] studied the SI event during northward IMF on 22 August 1995 using 70 ground magnetometers from the northern hemisphere. This data set was interpreted in terms of high-latitude ionospheric potential patterns by means of the AMIE technique. Moretto et al. [2000] reported the twophase response and the formation and disappearance of two sets of large-scale convection cells of opposite polarity on a 1-min timescale without any propagation. First, a doublecell system of 3 min lifetime was centered across noon, with a negative potential cell in the morning side and a positive cell in the afternoon side. Then, the development of a second double-cell system of opposite polarity was observed. In their paper, Moretto et al. [2000] pointed out that only very slow and poleward rather than tailward (westward/eastward) motion was observed. This is suggestive of an extremely fast reconfiguration of convection pattern affected by the PSW sudden increase occurring during northward IMF. Examination of the PC index for this event shows brief negative spike that lasts 3 min and that are followed by the main enhancement. The time of negative inflection, minimum value, and consequent enhancement of the PC index are in good agreement with convection patterns. This implies that a number of events with similar signatures in the PC index are a manifestation of global SW-M-I processes that occur on a very rapid time scale. The PC index behavior gives further evidence for temporal response of convection to an abrupt change in PSW.
[39] Examination of a long time series of the PC index gives many examples of the simultaneous response in both hemispheres that is initially of the opposite sign to the more prolonged increase. Such signatures are observed during both southward and northward IMF and always consistent with a sudden increase in PSW, first generating a negative spike and then an abrupt increase in the PC index. The initial transient response is typical of events with no Dst magnetic depression or just before Dst goes down. On the contrary, extended rise time of the PC index and no initial transient response is typical of the events occurring in course of the main phase. These results indicate that the ring current electrodynamics can be a primary factor over the steepness of the PSW front or the IMF orientation in determination of whether or not the initial transient phase of the response occurs. The effect of the ring current can impede a rapid subsolar magnetopause radial distortion, which can be sufficient to cancel out the transient phase of the response, consistent with rapid change of magnetospheric parameters.
Geosynchronous Signatures
[40] Another notable feature is the enhancement of geosynchronous energetic particles that are associated with the compression of the magnetosphere. Dispersionless injection front is detected simultaneously at all local times. Clearly the injections associated with a PSW pulse are not substorm-like injections localized near midnight. They are more global. The trapped particles are energized during magnetopause compression, which give a rapid enhancement of magnetic field. The westward induction electric field that arises, owing to the time variation in the magnetic field, transports particles radially inward and increases their energy. The acceleration process occurs in a very rapid time scale comparable with the time of magnetoacoustic wave that propagates taking $100 s of the travel time from the dayside to the tail. For SC events the onset of sharp increase of electrons and proton fluxes coincides with the time of initial transient response on the ground seen in the PC index. In the case of southward IMF, a noticeable spike in electron flux was detected just before midnight. The spike coincided with transient response on the ground. The spike is shorter in duration from substorm flux enhancement and, probably, can be attributed to resonance process that needs further investigations.
[41] It is seen from observations for SC events considered above, that very abrupt front (rise time $1 min) of electron and proton fluxes, simultaneously observed at all local times, was typical of PSW sudden increases occurring during periods of northward and southward IMF before Dst depression. It should be noted that isolated flux enhancement is readily observed prior to storm, but it is more difficult to observe during turbulent storm activity. However, it is seen that a PSW pulse occurred during a storm main phase on 25 September 1998 produced relatively long front of flux enhancement (rise time $10 min). On 10 January 1997 the enhancement of energetic particle fluxes in response to a PSW pulse was also gradual. It is most clearly seen in energetic protons (see Figure 4 from Lyons et al. [2000] ). Different rise time likely reflects the rate of the geomagnetic field compression that is smaller if the ring current is intensive. Additional magnetic flux from the ring current reduces the earthward shift of the magnetopause due to the PSW pulse. Thus both ground and geosynchronous response indicates gradual development of the processes associated with the compression. The orientation of causative interplanetary shock is another important factor determining the magnetospheric compression. Takeuchi et al. [2002] considered an anomalous SC with extremely long rise time of $30 min and showed that the magnetosphere was compressed gradually owing to the high inclination of the shock.
Conclusion
[42] We have studied the response of the PC index and associated parameters to sudden changes in PSW and have found that the PC index shows an enhancement in direct response to a PSW pulse during periods of steady IMF. It implies instantaneous change in the transpolar portion of the DP2 ionospheric current and the polar cap electric field. The effect of strengthening of Region 1 FAC is revealed. Examination of the PC index response throughout the period of interplanetary cloud passages that lead to magnetic storms shows that PSW has a major influence on the transpolar current. The magnitude of the PC index response to PSW pulse can be as large as the magnitude of the PC index response to a strong southward turning of IMF. This leads to a loss of correlation between the PC index and the interplanetary electric field penetrating the magnetosphere during magnetic storms and suggests that both PSW and the IMF play a significant role in controlling the strength of magnetospheric convection.
[43] The following features have been found in the PC index response. The signature of SI and SC consists of two successive pulses, a negative ($3 min duration) spike that is immediately followed by the main enhancement. A sudden decrease of the PSW leads to a positive spike that is followed by a decrease. The initial spike occurs over a wide range of IMF conditions excluding periods of large D st depression and coincides with an AE index enhancement and a stepwise change of the SYM-H index. This short time scale response likely reflects a temporal response of convection to an abrupt change in PSW that is initially of the opposite sign to the more prolonged response. Initial transient phase of the response is found to initiate simultaneously with dispersionless electron and proton injections detected by geosynchronous satellites at different local times.
